Pituitary adenomas are common neoplasms of the anterior pituitary gland. Germ-line mutations in the aryl hydrocarbon receptor-interacting protein (AIP) gene cause pituitary adenoma predisposition (PAP), a recent discovery based on genetic studies in Northern Finland. In this population, a founder mutation explained a significant proportion of all acromegaly cases. Typically, PAP patients were of a young age at diagnosis but did not display a strong family history of pituitary adenomas. To evaluate the role of AIP in pituitary adenoma susceptibility in other populations and to gain insight into patient selection for molecular screening of the condition, we investigated the possible contribution of AIP mutations in pituitary tumorigenesis in patients from Europe and the United States. A total of 460 patients were investigated by AIP sequencing: young acromegaly patients, unselected acromegaly patients, unselected pituitary adenoma patients, and endocrine neoplasia-predisposition patients who were negative for MEN1 mutations. Nine AIP mutations were identified. Because many of the patients displayed no family history of pituitary adenomas, detection of the condition appears challenging. Feasibility of AIP immunohistochemistry (IHC) as a prescreening tool was tested in 50 adenomas: 12 AIP mutation-positive versus 38 mutation-negative pituitary tumors. AIP IHC staining levels proved to be a useful predictor of AIP status, with 75% sensitivity and 95% specificity for germ-line mutations. AIP contributes to PAP in all studied populations. AIP IHC, followed by genetic counseling and possible AIP mutation analysis in IHC-negative cases, a procedure similar to the diagnostics of the Lynch syndrome, appears feasible in identification of PAP.
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immunohistochemistry ͉ growth hormone/prolacting-secreting adenomas ͉ acromegaly P ituitary adenomas are common, benign, monoclonal neoplasms of the anterior pituitary gland. They account for Ϸ15% of intracranial tumors (1) . Approximately two-thirds produce pituitary hormones in excess; among these, prolactin (PRL)-and growth hormone (GH)-oversecreting adenomas are the most common. GH-secreting adenomas cause acromegaly and gigantism. Less common are adrenocorticotropin hormone (ACTH)-secreting adenomas, causing Cushing's disease. The remaining one-third of pituitary adenomas is endocrinologically silent, known as nonfunctioning pituitary adenomas, and cause symptoms or signs due to tumor growth (1-3). Pituitary adenomas are components of rare, well established syndromes, such as multiple endocrine neoplasia type 1 (MEN1) and Carney complex (CNC) (4, 5) . Recent data suggest that a genetic predisposition to pituitary tumors is less rare than thought and that genes other than those for MEN1 and CNC are also involved (5) (6) (7) .
Recently, we showed that germ-line mutations of the aryl hydrocarbon receptor-interacting protein (AIP) gene cause pituitary adenoma predisposition (PAP) (8) . A nonsense mutation, p.Q14X, was found in members of two Finnish families. The mutation segregated perfectly with the GH phenotype and was also present in three prolactinoma patients. In addition, a nonsense mutation, p.R304X, was found in two Italian siblings with GH-secreting adenomas. In a population-based series from Northern Finland, AIP mutations accounted for 16% of all patients diagnosed with pituitary adenomas secreting GH and for 40% of patients younger than 35 years of age. Typically, PAP patients were of a young age at disease onset and did not display a strong family history of pituitary adenomas. Loss of the normal allele was detected in eight of eight pituitary adenomas; AIP is likely to act as a tumor suppressor gene (8) .
AIP encodes a protein of 330 aa. The protein contains an FKBP-homology domain, and three tetratricopeptide (TPR) repeats. AIP forms interactions with the aryl hydrocarbon receptor (AHR, also known as dioxin receptor), two HSP90 proteins, PDE4A5, PPAR␣, and survivin (9) (10) (11) (12) .
In our first study, for gene identification purposes, we focused on a defined, homogeneous population (8) . To gain insight into clinical features and approaches to diagnose the condition, it was relevant to examine the contribution of germ-line AIP mutations in other patient materials as well. Here we sequenced the whole AIP coding region in a large, heterogeneous collection of 460 pituitary adenoma patients and patients from families with MEN1 features and who were derived from different populations in Europe and the United States. In addition, because the genetic evidence suggests that many AIP-associated pituitary adenomas are null for AIP protein, we tested whether negative staining in AIP immunohistochemistry (IHC) in pituitary adenomas would be a useful marker for PAP.
Results
Mutation Analysis. Nine presumably pathogenic mutations were identified. These mutations, and the features of the respective patients, are depicted in Table 1 and Fig. 1 . It is typically challenging to robustly evaluate the nature of missense changes in hereditary predisposition. Here, if a missense change was not seen in controls and was associated with a phenotype strongly suggestive of PAP, it was presumed pathogenic. Other changes were presumed to be neutral. It is clear that this subdivision is preliminary and should be interpreted with some caution. The results are reviewed and the details of the missense changes are depicted below. Young acromegaly patients. In the German samples, two AIP mutations were identified (2 of 27, 7.4%; see Table 1 ). In addition, a heterozygous intronic change, IVS1-18C3T, was identified in one sample but was not predicted to have an effect on splicing as tested in silico. This same intronic change was also detected in 1 of 107 Centre d'É tude du Polymorphism Humain controls (1%) and 1 of 96 Caucasian U.K. controls (1%), suggesting that the variant is a polymorphism.
From the Helsinki University Central Hospital (HUCH) patient cohort, 36 Finnish patients were analyzed. The Finnish germ-line founder mutation was identified in two (5.5%; see Table 1 ) patients. Unselected acromegaly patients. Among the 71 Italian sporadic acromegaly patients, one heterozygous germ-line missense change was found: p.R16H (c.47G3A, resulting in the substitution of arginine at position 16 by histidine). Loss-ofheterozygosity analysis from this individual's pituitary tumor tissue was negative. p.R16H was absent in 181 Caucasian U.K., 52 Italian, and 209 Finnish controls. The change was found in 1 of 90 healthy German controls (1%), 1 unselected pituitary adenoma patient from the United States, and in 3 Polish unselected pituitary adenoma patients (see below), suggesting that this change may be a neutral polymorphism. Unselected pituitary adenoma patients. AIP mutation analysis performed in 113 unselected pituitary adenoma patients from the United States revealed two germ-line mutations (2 of 113, 1.8%; see Table 1 ) and two heterozygous missense changes that are likely to be polymorphisms. A heterozygous c.906G3A, resulting in the silent p.V302V change in exon 6, was found in three cases. When p.V302V was tested in silico, the prediction programs showed no significant effect on splicing. None of the three patients had a family history of pituitary adenomas. Loss-of-heterozygosity analysis was possible from tumor DNA samples of 2/3 individuals, and showed retention of the wild type allele. p.V302V was not detected in 109 Centre d'Étude du Polymorphism Humain, 94 Caucasian U.K., and 52 Italian controls. Finally, the previously seen missense change p.R16H in exon 1, was found in one individual: a 78 year-old woman of Polish descent. Tumor DNA sequence did not show loss of heterozygosity. In 122 unselected pituitary adenoma patients from Poland, three different germ-line heterozygous missense changes were detected, of which one was considered disease associated (1 of 122, 0.8%; Table 1 ). In addition, the previously detected p.R16H change was seen also in three Polish individuals all diagnosed with Cushing's disease. A heterozygous c.696G3C, resulting in the silent p.P232P change in exon 5, was found in one patient with Cushing's disease. This change did not have any predicted effect on splicing as tested in silico. p.P232P was absent in 108 Centre d'É tude du Polymorphism Humain or 95 Caucasian U.K. controls.
Patients counseled and examined for MEN1 with negative genetic testing results. In the 55 Spanish samples analyzed, one AIP mutation was identified (1 of 55, 1.8%; see Table 1 ). Likewise, of the 36 Dutch samples, an AIP germ-line mutation was identified in one specimen (1 of 36, 2.8%; see Table 1 ).
AIP Immunohistochemical Staining. AIP immunoreaction was observed in both the cytoplasm and the nucleus in normal adenohypophysis ( Fig. 2A) . Most AIP mutation-negative adenomas (36 of 38) had preserved cytoplasmic and nuclear immunoreaction against AIP (Fig. 2B) , whereas most AIP-deficient adenomas (9 of 12) lacked both cytoplasmic and nuclear immunoreactivity against AIP (Fisher's Exact test, P ϭ 0.000004). In tumor tissues, leukocytes served as internal positive controls (Fig. 2 C and D) . AIP IHC had 75% sensitivity and 95% specificity for truncating AIP germ-line mutations.
Discussion
In our original study, we evaluated the contribution of AIP in a population-based material of acromegaly patients, diagnosed between 1980 and 1999 in the Oulu region of Northern Finland. In this isolated population, two germ-line AIP mutations (p.Q14X and IVS3-1G3A) accounted for 16% of all patients diagnosed with pituitary adenomas secreting GH and for 40% of patients that were younger than 35 years at the age of diagnosis (8) . In the current study, we examined the role of AIP in more heterogeneous patient groups to provide clues to clinical and molecular identification of PAP.
The analysis of 71 Italian acromegaly patients systematically collected from the Treviso region revealed no significant findings, but two siblings (2 of 73, 2.7%) belonging to this same sample collection were shown to display a truncating AIP mutation in our previous study (8) .
In both of the two patient sets with acromegaly that presented at a young age, the Helsinki and Leipzig regions, two PAP patients were detected; altogether, 4 of 63 (6.3%) patients had PAP.
Two putative AIP mutations were found among unselected pituitary adenoma cases from the United States. IVS2-1G3C splice site mutation was detected in a patient diagnosed with acromegaly at the age of 20 years. c.824-825insA insertion, also causing a premature stop codon, was seen in a patient diagnosed with GH-secreting adenoma at the age of 8 years. These two cases account for 1.8% of the unselected pituitary adenoma cases in this series. The number of acromegaly patients in the sample set was only 13. Although the numbers are very small, it is noteworthy that the contribution of PAP in acromegaly in this consecutive U.S. series was similar to that seen in Northern Finland (2 of 13, 15%). p.R304Q change was seen in one Polish unselected pituitary adenoma patient (1 of 122, 1%) . If pathogenic, this AIP mutation would be previously unrecognized in Cushing's disease. We have detected this variant in an Italian patient with acromegaly (M.G., A.R., A.K., E.D.M., V.L., P.V., and L.A.A., unpublished data) but in none of the healthy controls, which strongly supports the notion that the change is pathogenic. Interestingly, p.R304Q locates on the AHR-binding region (13, 14) and possibly affects the interaction of AIP with AHR.
Approximately 10% of cases clinically suggestive of MEN1 do not seem to harbor germ-line MEN1 mutations (4, (15) (16) (17) . Thus, we examined whether AIP is involved in such cases of unexplained endocrine neoplasia susceptibility. Two mutationpositive cases were found (2 of 91, 2%). The phenotypes of these two patients were in line with the above findings; both the Spanish and the Dutch patient were diagnosed with acromegaly at an early age: 18 and 16 years, respectively. The Spanish patient also had a positive family history, with two maternal uncles being diagnosed with acromegaly.
These data firmly confirm that AIP is directly implicated in the molecular pathogenesis of pituitary tumors, particularly of the GH/PRL lineage. In the future, it will be of interest to examine what the contribution of de novo mutations in PAP is. In the current work, the relevant additional samples were not available. The prevalence of AIP germ-line mutations varies in different clinical settings. In unselected sporadic pituitary tumors, the overall prevalence seems to be low: 2 of 113 and 1 of 122 from our U.S. and Poland cases, respectively. Also, none of the previously reported p.Q14X, p.R304X, and IVS3-1G3A mutations were found in a recently published U.S. series (18) . On the contrary, AIP mutations are enriched in patients of a very young age at onset and/or a positive family history of acromegaly, although some of the PAP patients display neither of these features. Selection of patients for genetic counseling and possible genetic testing for PAP appeared challenging.
To help simplify selection, we tested AIP IHC in 50 pituitary adenomas as a tool for molecular screening for PAP. Because many mutations are truncating and because the condition is typically associated with loss of the wild-type allele in tumors, a strategy similar to that used to screen patients for hereditary nonpolyposis colorectal cancer or Lynch syndrome (19) appeared attractive: IHC screening of tumors for loss of the predisposition gene product, genetic counseling, and possible germ-line mutation testing in cases displaying negative IHC for AIP, followed by cascade screening in family members to identify individuals at risk. Because pituitary adenomas are examined immunohistochemically as a routine diagnostic practice, this screening method appears to be feasible. Indeed, we found that negative AIP IHC staining is a strong predictor of PAP. Two cases with a negative AIP mutation analysis but a negative IHC result may have had occult (such as deletion not detected by sequencing) germ-line mutations or somatic loss of AIP, although technical problems are also a possible explanation. The individuals had no family history of endocrine tumors but were 40 and 47 years of age, and, thus, PAP is possible. Similarly, in the three mutation-positive cases displaying positive AIP IHC, the unexpected IHC finding could have been due to technical difficulties such as unspecific staining or missense-type second hits enabling production of nonfunctional yet immunoreactive AIP protein. It is likely that, with greater experience with this approach, the ability to screen for AIP alterations by IHC will further improve. Although the cost of DNA sequencing will be reduced dramatically in the near future, IHC screening will remain useful, because direct DNA testing for AIP germ-line mutations would require prior genetic counseling. Genetic counseling demands resources and needs to be reserved for those pituitary adenoma cases that display features of hereditary susceptibility.
The annual incidence of newly diagnosed cases of acromegaly ranges from 2.8 to Ͼ4 per million, with prevalences ranging from 34 to 120 cases per million (20) . Although these observations suggest that Ϸ1,000 new cases will be diagnosed annually in the United States, the insidious nature of acromegaly and the frequent delays in diagnosis in this disease have led to estimates that GH-secreting pituitary adenomas are present but undiagnosed in as many as 20,000 persons in the Unites States alone (21) . Because the majority of patients present with a macroadenoma, and younger patients frequently have larger, more invasive tumors with poorer outcomes, the potential for prolonged biochemical remission with any single modality is diminished (22, 23) . In patients with more advanced disease, successful therapy eliminates or resolves all manifestations of the disease in a minority, and diminished qualityof-life persists in the majority (24) . Overall morbidity and mortality, related primarily to chronic cardiovascular disease, is a function of biochemical control: risk of mortality may be as high as 3.5-fold greater in patients with persistent disease compared with those in remission (22, 23, (25) (26) (27) (28) . Although molecular diagnosis of PAP in unselected pituitary adenomas would be first performed in a research setting, thousands of paraffin-embedded somatotropinoma samples in the United States alone are available for prescreening of PAP by AIP IHC, pending consent from the patients. Although current management of patients with pituitary adenomas does not seem to be influenced by diagnosed AIP mutation positivity, offering genetic counseling and predictive testing to family members provides a powerful tool for prevention of morbidity in at-risk individuals. The great majority of AIP-related tumors are GH-and/or PRL-secreting adenomas, and the clinical diagnosis of acromegaly at onset is difficult. Therefore, we suggest that asymptomatic relatives testing positive for an AIP mutation should undergo annual PRL and IGF1 monitoring (29) , as suggested for MEN1 carriers (30) . Finally, we highlight the particular importance of AIP analyses in patients with a positive family history for acromegaly or with early onset of the tumor. hyperparathyroidism/parathyroid tumors, pancreatic endocrine tumors, pituitary adenomas, adrenal gland tumors, and/or neuroendocrine carcinoid tumors. The patients fulfilled the following criteria: young age at onset (Ͻ35 years) of any of the five MEN1-related lesions and/or multiple MEN1-related lesions in a single organ or two distinct organs, and at least one first-degree relative in whom at least one target organ was affected. Age at tumor diagnosis ranged between 15 and 81 years, with a mean age of 50 years.
Materials and Methods
Another set consisted of individuals suspected for MEN1 and referred to the Spanish National Cancer Center during the period of 1997-2006. Blood-extracted DNA samples from 55 unselected and consecutive MEN1-negative patients were available for AIP mutation analysis. Age at diagnosis ranged between 12 and 78 years, with a mean age of 50 years. Information was not available for two patients. IHC Samples. AIP protein expression was analyzed in 50 pituitary adenomas. Twelve tumors were from AIP mutation-positive individuals (nine cases with p.Q14X, and one case with IVS2-1G3C, c.824-825insA, and IVS3-1G3A, respectively) including 10 somatotropinomas and two prolactinomas. Thirty-eight mutationnegative adenomas included 32 somatotropinomas, five prolactinomas, and one GH-and PRL-negative adenoma.
Mutation Analysis. Mutation analysis was performed by direct sequencing of genomic DNA. The whole coding region of AIP was sequenced, as well as flanking intronic sequences and 5Ј and 3Ј untranslated regions. PCR protocols and primer sequences have been described by Vierimaa et al. (8) and are available on request. DNA sequencing was performed using Big Dye 3.1 termination chemistry on an ABI3730 DNA sequencer (Applied Biosystems, Foster City, CA).
In Silico Analysis. The potential effects on splicing of the detected intronic and silent changes were predicted in silico by computational methods by using NetGene2, Alternative Splice Site Predictor (ASSP), and SpliceScan programs (31) (32) (33) (34) .
AIP IHC. Five-micrometer-thick sections were cut from the paraffin blocks. After deparaffinization and rehydration, sections were pretreated in either 0.01 M citrate (pH 6.0) buffer in a microwave oven at 800 W for 2 min and at 300 W for 10 min or in 0.01 M Tris-EDTA (pH 6.0) buffer in a microwave oven at 800 W for 2 min and at 300 W for 15 min. AIP was detected in tumors by using AIP antibody (AIP SP5213P; Acris Antibodies, Hiddenhausen, Germany) at a 1:4,000 dilution for 30 min. Positive antibody reaction was detected with diaminobenzidine (DAKO, Copenhagen, Denmark) with hematoxylin counterstain.
